In Brief
Shi and colleagues used Alexander disease (AxD) patient iPSC-derived astrocytes to recapitulate AxD patient phenotypes that could not be achieved in animal models and uncover molecular mechanisms underlying myelination defect in the disease. They found that disease astrocytes secret molecules to inhibit oligodendrocyte progenitor cell function and impair myelination.
INTRODUCTION
Astrocytes are the most abundant type of glial cells in the mammalian central nervous system (CNS). The important functions for astrocytes in neurodevelopment and diseases have been increasingly appreciated because of their key roles in maintaining CNS homeostasis and close interactions with other cell types in the brain (Verkhratsky and Parpura, 2016) . Astrocytes are critical for neuronal maturation, synapse formation, and survival (Molofsky et al., 2012; Clarke and Barres, 2013; Allen and Eroglu, 2017) . They are also an integral part of the blood-brain barrier (Abbott et al., 2006) and neuroinflammation in the brain (Colombo and Farina, 2016) . Growing evidence supports the idea that astrocytes play an important role in regulating myelination (Sofroniew and Vinters, 2010; Lanciotti et al., 2013; Domingues et al., 2016; Kıray et al., 2016) . Oligodendrocytes are the myelinating glia of the CNS derived from oligodendrocyte progenitor cells (OPCs) (Domingues et al., 2016) . The interplay between astrocytes and OPCs could modulate oligodendrocyte homeostasis and myelination.
Alexander disease (AxD) is a type of leukodystrophy that primarily affects astrocytes (Messing et al., 2010) . It represents the first example of neurological diseases with astrocyte dysfunction as the primary cause (Messing et al., 2012; Lanciotti et al., 2013) . AxD is due to mutations in glial fibrillary acidic protein (GFAP), the major intermediate filament protein in astrocytes, resulting in the formation of protein aggregates known as Rosenthal fibers (Iwaki et al., 1989; Johnson and Bettica, 1989) . These fibers accumulate within the astrocyte cytoplasm, causing cellular dysfunction with devastating effects on CNS, including OPC and oligodendrocyte loss and demyelination in AxD patients (Prust et al., 2011) .
Although multiple animal models have been established to study AxD and contributed to our knowledge of AxD substantially, none of these models exhibit myelination defect (Messing et al., 1998; Hagemann et al., 2005 Hagemann et al., , 2006 Tanaka et al., 2007b; Wang et al., 2011 Wang et al., , 2015 Lee et al., 2017) , an important pathological phenotype in AxD patients, especially the most common, early-onset patients (Messing et al., 2001; van der Knaap et al., 2001) . This is likely due to differences between human astrocytes and astrocytes of other species: human astrocytes are much larger and more complex and therefore may contribute to disease progression to a greater extent than astrocytes in rodents and other non-human species (Verkhratsky et al., 2012) . In this study, we sought to establish a human cellular model of AxD to uncover the mechanisms of AxD pathology that are not recapitulated in animal models.
Human induced pluripotent stem cells (hiPSCs) provide a valuable tool to study human genetic disorders (Takahashi et al., 2007; Yu et al., 2007) , especially neurological diseases, for which human cells and tissues are not easily accessible (Marchetto et al., 2011; Li et al., 2018; Shi et al., 2017) . hiPSCs can retain mutations of relevant patients and be differentiated into cell type(s) that are dysfunctional in the disease of interest, thus allowing identification of pathological mechanisms underlying the disease by comparison of patient and healthy control (HC) iPSCderived cells through functional assays, cellular analyses, and molecular profiling. Modeling AxD using hiPSCs could allow us to close the knowledge gap between findings from animal models and patient phenotypes.
In hiPSC-based disease modeling, iPSCs derived from healthy individuals are usually used as controls for patient-derived iPSCs. With rapid development of genome editing technologies, the generation of isogenic iPSC lines with the edited gene as the sole variable allows for identification of true pathological phenotypes, without worrying about changes resulting from different genetic or epigenetic backgrounds (Hockemeyer and Jaenisch, 2016) . Studying AxD pathogenesis using isogenic iPSC-derived astrocytes with the GFAP mutation as the sole variant would enable us to identify pathological phenotypes explicitly caused by the GFAP mutation.
In this study, we generated iPSCs from HC individuals and AxD patients, and isogenic iPSCs that have the mutant GFAP in AxD iPSCs corrected to the wild-type (WT) genotype through CRISPR/Cas9-based gene editing. We differentiated both control and AxD iPSCs into astrocytes and established an astrocyte-OPC co-culture system using these astrocytes together with HC iPSC-derived OPCs. We used the co-culture system and a nanofiber-based in vitro myelination assay to determine how AxD astrocytes regulate oligodendroglial lineage cell number to modulate myelination, and performed transcriptome analysis to identify molecular mechanisms underlying this regulation.
RESULTS

GFAP Mutant AxD iPSCs Can Be Differentiated into Astrocytes
To study the pathological effects of AxD GFAP mutations in a human cellular model, we generated hiPSCs from fibroblasts of three HC individuals (C1, C3, and I90) and three AxD patients ( Figure 1A ) through episomal reprogramming (Wen et al., 2014; Kime et al., 2015) . Among the three AxD patients, two carry hotspot GFAP mutations at either Arg (R) 79 or R239 (Hagemann et al., 2006) , including an R79C (AxD997) and an R239C mutation (AxD825), and another has an M73K mutation (AxD999) in the GFAP coding region ( Figure 1B ). To identify true GFAP mutation-relevant phenotypes independent of line-to-line variation, we generated isogenic iPSCs by correcting the GFAP mutation site (M73K) in AxD999 iPSCs using the CRISPR/Cas9 nickase (Ran et al., 2013a) (Figures 1C, S1E , and S1F). Correction of the M73K mutation site in the selected clone was confirmed by Sanger sequencing of the GFAP gene ( Figure 1C ). This CRISPR/Cas9-edited AxD999 clone containing the WT GFAP gene was termed AxD999-CR. No off-target effect was detected in the AxD999-CR iPSCs during CRISPR/Cas9 editing ( Table S6 ). All iPSC lines were characterized for pluripotency and normal karyotype ( Figure S1 ) and authenticated by short tandem repeat (STR) assay (Table S1 ).
Because GFAP is predominantly expressed in astrocytes, to investigate the effect of the AxD GFAP mutations on astrocyte function, we differentiated control and AxD iPSCs into astrocytes. To achieve consistency in astrocyte purity across lines, we transduced the iPSC-derived astrocytes with lentivirus encoding the human GFAP-promoter-driven-GFP (GFAP-GFP) reporter. Human primary astrocytes and fibroblasts were included as the positive and negative control, respectively ( Figures  S2A-S2C ). We sorted the GFAP-GFP-positive iPSC-derived astrocytes by fluorescence-activated cell sorting (FACS) (Figure S2D) . The sorted astrocytes expressed the astrocyte markers GFAP and S100b ( Figures 1D-1F ). The purity of the sorted astrocytes is consistent across all lines based on the percentage of the GFAP + cells and the S100b + cells after sorting ( Figures 1D and 1E ). The hiPSC-derived astrocytes expressed other astrocyte markers, such as SOX9 ( Figure S2E ) (Zhang et al., 2016) , CD44, GLUL, and SCL1A3 as well (Table S2) . These astrocytes also expressed many mature astrocyte markers described in published studies (Hasel et al., 2017; Sloan et al., 2017) (Table S3 ). The iPSC-derived astrocytes were not contaminated by oligodendrocyte lineage cells, neurons, endothelial cells, and fibroblasts, as revealed by negative staining of the oligodendrocyte lineage markers, OLIG2, O4, and MBP, and the other lineagespecific markers, MAP2, CD31, and FSP ( Figure S3A ). These astrocytes could survive and express the human astrocytic marker hGFAP after transplanting into mouse brains (Figure S3B) , generate Ca 2+ flux in response to ATP ( Figure S3C ), and display a transient voltage-dependent outward current followed by a sustained lower current ( Figure S3D ), similar to the pattern of astrocytes shown previously . These astrocytes were used for the following studies.
AxD Astrocytes Exhibit Rosenthal Fiber-like Structure GFAP immunostaining revealed that the AxD astrocytes displayed patches of GFAP filament bundles or aggregates in the cytoplasm, in contrast to control astrocytes, in which the GFAP filaments are distributed evenly in the cytoplasm (Figures 1F and 1G) . This observation was confirmed by electron microscopy (EM) analysis, which revealed dense aggregation of filaments in AxD astrocytes, resembling early Rosenthal fiber structure ( Figure 1H ). In contrast, the AxD999-CR astrocytes didn't exhibit bundles of GFAP filaments as revealed by both immunostaining ( Figure 1G ) and EM analyses ( Figure 1H ), in a manner similar to HC astrocytes. Because Rosenthal fibers are mostly composed of GFAP and the small heat shock proteins aB-crystallin (Tomokane et al., 1991), to confirm the presence of Rosenthal fibers in AxD astrocytes, we immunostained the AxD astrocytes for GFAP and aB-crystallin. Consistent with the EM analysis, we observed GFAP and aB-crystallin double-positive signal in AxD astrocytes, but not in control astrocytes (C3 or AxD999-CR) that have the WT GFAP gene ( Figure 1I ). These results indicate that the AxD iPSC-derived astrocytes exhibit structural differences in GFAP filaments from control iPSC-derived astrocytes, and that the Rosenthal fiber-like structure in AxD999 astrocytes was caused by GFAP mutation, because no such structure was detected in the isogenic AxD999-CR astrocytes that have the GFAP mutation corrected. -S3 and Tables S1-S3, S5 , and S7.
AxD Astrocytes Reduce OPC Proliferation
Because AxD is caused by mutation of the astrocytic gene GFAP, and myelination defect is the major pathological phenotype in AxD patients (Messing et al., 2012) , we hypothesized that AxD astrocytes could cause myelination defects through interaction with oligodendroglial lineage cells. To test this hypothesis, we established a co-culture system consisted of hiPSC-derived astrocytes and OPCs. Human HC iPSCs were differentiated into OLIG2 + and NKX2.2 + pre-OPCs, followed by induction into O4 + OPCs (Douvaras and Fossati, 2015) . The O4 + OPCs were further matured into myelinating oligodendrocytes that expressed the mature oligodendrocyte marker myelin basic protein (MBP) (Figure S4A ). We set up the co-culture system by incubating the GFAP-GFP-sorted control or AxD astrocytes with the O4-sorted HC iPSC-derived OPCs (Figure 2A ). The sorted OPCs expressed the OPC markers O4 and OLIG2, but not the mature oligodendrocyte marker MBP ( Figures S4B and S4C) . Notably, we observed a significant decrease in the number of O4 + OPCs after 5-day coculture of OPCs with AxD astrocytes, compared to co-culture with control astrocytes (Figures 2B and 2E) . This observation was confirmed in a co-culture assay, in which the number of oligodendroglial lineage cells was evaluated by immunostaining Scale bar, 100 mm for (B), (D), and (H); 50 mm for (C) and (J).
Error bars are SE of the means; n = 3 experimental repeats; *p < 0.05 by one-way ANOVA for (E)-(G), **p < 0.01 by Student's t test for (I) and (K). See also Figure S4 .
with OLIG2 ( Figures 2C and 2F ). These results indicate that the AxD astrocytes could reduce the number of co-cultured OPCs.
To test whether the decrease in the number of OPCs co-cultured with AxD astrocytes was due to a decrease of cell proliferation or an increase of cell death, apoptosis of OPCs in the co-culture system was examined by double staining for OLIG2 and cleaved Caspase-3, a marker of apoptosis. We could barely detect any Caspase-3 + OLIG2 + cells in any co-culture group ( Figures S4D and S4E ), indicating that the reduced cell number in OPCs is likely not resulting from increased OPC apoptosis. We next examined the rate of OPC proliferation in the co-culture system. On day 2 of co-culture, cells were treated with BrdU. We observed a significant decrease in the percentage of BrdU +
OLIG2
+ OPCs when co-cultured with AxD astrocytes, compared to that when co-cultured with control astrocytes ( Figures 2D and 2G ). In contrast, no difference in BrdU labeling was detected between control and AxD astrocytes (Figures S4F and S4G) .
To determine whether the defects in OPC proliferation were caused by GFAP mutation in the co-cultured AxD astrocytes, we compared the OPC proliferation rate between AxD999 and AxD999-CR co-cultures. The number of OPCs significantly decreased in co-culture with AxD999 astrocytes, compared to that in co-culture with AxD999-CR astrocytes, as revealed by O4 staining ( Figures 2H and 2I ). Accordingly, we observed a substantial decrease in OPC proliferation rate in co-culture with AxD999 astrocytes, compared to that in co-culture with AxD999-CR astrocytes, as revealed by BrdU and OLIG2 double staining (Figures 2J and 2K) . In summary, hiPSC-derived astrocyte and OPC coculture allowed us to study the effects of AxD astrocytes on oligodendrocyte lineage cells. The results from this modeling system demonstrate that AxD astrocytes could reduce the number of co-cultured OPCs through inhibiting OPC proliferation.
AxD Astrocytes Induce Myelination Defect in a 3D Nanofiber Culture System Because OPCs are the precursors of myelinating oligodendrocytes, our observation that AxD astrocytes induce decreased OPC proliferation and reduced OPC cell number prompted us to test if AxD astrocytes could induce myelination defects. To focus on the effect of astrocytes on myelination, without worrying about any potential effect from neurons, we co-cultured OPCs and astrocytes on a neuron-free, 3D nanofiber scaffold for myelin wrapping (Lee et al., 2012; Ehrlich et al., 2017) . Remarkably, we found a substantially decreased number of MBP + oligodendrocytes and dramatically reduced area of MBP-covered nanofibers in the co-culture with AxD astrocytes, compared to that in the co-culture with control astrocytes ( Figures 3A, 3B , 3E, and 3F). We further evaluated the wrapping of the MBP + pro- Figure S5B ). These results together indicate that the defects of OPC proliferation and myelination in the co-culture are caused by GFAP mutation in the AxD astrocytes.
AxD Astrocytes Exhibit Elevated Expression of Genes Associated with Cytokine Activity and Cell Membrane
Because the myelination defect could not be recapitulated in AxD animal models, the molecular and cellular mechanisms underlying the AxD pathology remain poorly understood. To identify key molecules that regulate the pathology of AxD, we performed RNA sequencing (RNA-seq) using mRNAs isolated from HC or AxD iPSC-derived astrocytes. We sorted control and AxD astrocytes by GFAP-based FACS using a method for analyzing RNA following intracellular sorting (MARIS) (Hrvatin et al., 2014) and isolated mRNA from the sorted cells ( Figure 4A ). Comparing the transcriptome of AxD and control astrocytes revealed a set of differentially expressed genes between the two groups, including 128 significantly upregulated and 104 significantly downregulated genes in AxD astrocytes. Gene Ontology (GO) analysis revealed that genes significantly upregulated in AxD astrocytes are involved in cell adhesion, cell membrane composition, immune cell activation, and cytokine activity, whereas genes significantly downregulated in AxD astrocytes are involved in supportive functions of astrocytes, such as synaptic transmission and ion transport ( Figure 4B ). We selected three main categories of functions and listed 20-22 representative genes that have jfold-changej > 1.5 in each category, including cytokine and secreted factors, cell membrane components and receptors, and intracellular signaling molecules (Figure 4C) . We validated a subset of these genes by qRT-PCR. Upregulation of CHI3L1, ITGB4, and ITGB3, and downregulation of TF in AxD astrocytes, compared to control astrocytes, was confirmed by qRT-PCR ( Figures 4D-4G ). These results together indicate that AxD astrocytes exhibit a substantially different gene expression profile from control astrocytes, and this difference could contribute to the pathological phenotypes observed in AxD.
AxD Patient Brains Exhibit Increased Expression of CHI3L1
To determine if the change in gene expression identified in AxD iPSCderived astrocytes also occurs in AxD patient brains, we obtained AxD patient brain tissues along with age-matched non-AxD control brain tissues from NIH Neurobiobank ( Figure S6A ). All brain tissues were from the frontal lobe cortex because the frontal lobe is the predominant region with white matter abnormalities in AxD patients (van der Knaap et al., 2001; van der Voorn et al., 2009 ). Characteristic Rosenthal fiber structures could be detected in the AxD patient brains, but not in the non-AxD control brains ( Figure S6B ). RNA-seq analysis identified genes that were differentially expressed between control and AxD brains ( Figure 5A ). Compared to the control brains, 2,304 genes were upregulated and 1,107 genes downregulated in the AxD brains.
A number of genes showed the same trend of expression change in AxD brains as that in AxD astrocytes ( Figure 5B ; Table S4 ). GO term analysis revealed that immune response, cytokine production, and cell membrane-related biology were among the functions associated with genes upregulated in both AxD astrocytes and brains, whereas neural developmentrelated processes, including axon ensheathment and myelination, were associated with genes downregulated in both AxD astrocytes and brains ( Figure 5C ).
In AxD brains, the myelination-related genes, including transcriptional factors that regulate myelin formation (e.g., ERMN, MYRF, and NKX5-2) and components of myelin sheath (e.g., MOBP, MAG, and MBP), were downregulated in the RNA-seq analysis ( Figure 5D ). The reduced expression of PDGFRA and MBP in AxD brains was confirmed by qRT-PCR ( Figures 5F and 5G) . The reduced expression of MBP was further confirmed using western blot ( Figure 5I ). In addition, representative genes in brain tissues related with cytokine and secreted molecules, and cell membrane components and receptors, are shown ( Figures 5E and S6C ). Among the top differentially expressed genes, CHI3L1 was significantly upregulated in AxD brain tissues, which was confirmed by both qRT-PCR and western blot ( Figures 5H and 5I ), consistent with our observation of upregulated CHI3L1 expression in AxD astrocytes ( Figures 4C and 4D) . Moreover, correction of the GFAP mutation led to reduced CHI3L1 expression in AxD999-CR astrocytes, compared to that in AxD999 astrocytes ( Figure S7A ). This result indicates that the GFAP mutation in AxD astrocytes is necessary for the elevated expression of CHI3L1.
CHI3L1 Mediates the Inhibitory Effect of AxD Astrocytes on OPC Proliferation and Myelination
Because CHI3L1 is a secreted molecule that is expressed by astrocytes (Bonneh-Barkay et al., 2010b; Singh et al., 2011) , we tested whether the conditioned medium (CM) from AxD astrocytes could inhibit OPC proliferation and whether blocking CHI3L1 in AxD CM using a neutralizing antibody could reverse the phenotype. We observed a mild decrease in OPC proliferation upon treatment with AxD999 CM conditioned for 24 hr, as revealed by BrdU and OLIG2 double staining. Significantly reduced OPC proliferation was observed when we treated the co-culture with AxD999 CM conditioned for 48 hr, compared to the treatment with control medium without conditioning (Figures 6A and 6B) . Blocking CHI3L1 by a CHI3L1 neutralizing antibody reversed the inhibitory effect on OPC proliferation ( Figures 6A and 6B) , whereas a control IgG failed to reverse the inhibitory effect (Figure S7B) . These results indicate that secreted molecules from AxD astrocytes play an important role in inhibiting OPC proliferation and that CHI3L1 is an important mediator of such an effect.
To further validate the role of astrocytic CHI3L1 in regulating OPC proliferation and myelination, we transfected AxD astrocytes with two short hairpin RNAs (shRNAs) (shRNA-1 and shRNA-2) targeting different regions of the CHI3L1 gene or a control shRNA (shC). The knockdown (KD) of CHI3L1 mRNA level in the CHI3L1 shRNA-treated astrocytes was confirmed using qRT-PCR (Figure S7C) . KD of CHI3L1 in AxD astrocytes increased the number of OLIG2 + cells ( Figures S7D and S7E ) and enhanced the proliferation of OPCs co-cultured with these astrocytes, compared to that in co-culture with shC-treated AxD astrocytes ( Figures 6C and  6D ). Using the 3D nanofiber-based OPC-astrocyte co-culture system, we found that KD of CHI3L1 in AxD astrocytes increased the number of MBP + cells and the area of MBP-covered nanofibers (MBP + area) in OPC co-culture with AxD astrocytes (Figures 6E and 6F) . This result demonstrates that KD of CHI3L1 in AxD astrocytes could ameliorate the inhibitory effect of AxD astrocytes on OPC proliferation and myelination. These results together suggest that CHI3L1 could play an important role in negatively regulating OPC proliferation and myelination. The effect of CHI3L1 has been shown to be mediated by its receptor IL-13Ra2 and coreceptor TMEM219, or by the receptor CRTH2 (He et al., 2013; Zhou et al., 2014 Zhou et al., , 2015 Lee et al., 2016) . To explore potential receptors for CHI3L1 on OPCs, we checked the expression of the putative CHI3L1 binding partners on OPCs by live staining. While robust expression of IL-13Ra2 was detected on human fibrosarcoma HT1080 cells, no expression of IL-13Ra2 was detected on OPCs ( Figure S7F ). Expression of CRTH2 and TMEM219 was observed on OPCs, but not astro- cytes ( Figure S7F ). To determine if CHI3L1 could act through CRTH2 or TMEM219 to regulate OPC proliferation, we blocked CRTH2 or TMEM219 in the AxD999-CR astrocyte-OPC co-culture using their respective antibodies. Treatment of the co-culture with the CM of AxD999 astrocytes together with the CRTH2 antibody led to substantial rescue of the AxD999 astrocyte CM-induced reduction of OPC proliferation, whereas treatment with the AxD999 CM together with the TMEM219 antibody had minimal effect ( Figures 7A and 7B ). This result suggests that the astrocytic CHI3L1 could regulate OPC proliferation by binding to the OPC surface receptor CRTH2. To examine whether there is a species difference in CRTH2 expression in OPCs between mouse and human, we compared the expression level of CRTH2 in mouse and human OPCs. Reduced level of CRTH2 mRNA expression was detected in mouse OPCs, compared to human OPCs ( Figure S7G ). This result indicates that there is a species difference in CRTH2 expression in OPCs, which may partly contribute to the species difference of dysmyelination phenotype between mouse and human.
DISCUSSION
In this study, we developed a human cellular model for AxD using patient iPSC-derived glial cells. Although transgenic mouse models have been created for AxD (Messing et al., 1998; Hagemann et al., 2005 Hagemann et al., , 2006 Tanaka et al., 2007a) , none have yet captured all the key phenotypes of the disease, including abnormalities of myelination and white matter, important pathological phenotypes in AxD patients, especially the early-onset patients (Messing et al., 2001; van der Knaap et al., 2001) . In this study, we generated hiPSCs from AxD patients and established a co-culture system using hiPSC-derived astrocytes and OPCs to study the effect of astrocytes on oligodendroglial lineage cells and myelination. This co-culture system allowed us to recapitulate reduced myelination induced by AxD astrocytes and provided a platform for us to identify molecular and cellular mechanisms underlying myelination defect in AxD.
By comparing the transcriptome of astrocytes derived from AxD and HC iPSCs, we identified a set of differentially expressed genes. GO analysis revealed that genes involved in cytokine activation and cell membrane are among the upregulated GO terms. Upregulation of genes involved in cytokine production and inflammatory response has also been observed in AxD mouse models and patient brain tissues (Olabarria et al., 2015) , supporting the validity of our cellular model. During the course of this manuscript preparation, a paper on AxD iPSC-derived astrocytes was published, showing that AxD astrocytes secrete more interleukin cytokines, including IL5, IL6, and TNFa (Kondo et al., 2016) , further supporting the involvement of inflammatory response in AxD. Whether the altered expression of these cytokines results from GFAP mutations and whether it can be detected in AxD patient brains remain to be tested.
In this study, we identified CHI3L1 as a gene that is substantially upregulated in AxD iPSC-derived astrocytes, compared to control astrocytes. CHI3L1 is a secreted protein from astrocytes, increased expression of which has been linked to neuroinflammatory conditions (Bonneh-Barkay et al., 2012) . It has been used as a biomarker for a variety of inflammation-associated diseases (Bhardwaj et al., 2015) , including Alzheimer's disease (Craig-Schapiro et al., 2010; Gispert et al., 2016) , amyotrophic lateral sclerosis (Sanfilippo et al., 2017) , multiple sclerosis (Bonneh-Barkay et al., 2010a; Hinsinger et al., 2015; Burman et al., 2016) , and schizophrenia (Arion et al., 2007) . Using isogenic astrocytes, we demonstrated that the GFAP mutation in AxD astrocytes is critical for the increased CHI3L1 expression. Correction of the GFAP mutation reversed the elevated expression of CHI3L1 in AxD astrocytes. We further confirmed the elevated expression of CHI3L1 in brain tissues from multiple AxD patients and established a causative link between astrocytic CHI3L1 expression and OPC proliferation/myelination. Moreover, our study using a neutralizing antibody against CRTH2 suggests that the astrocytic CH13L1 could act by binding to the OPC surface receptor CRTH2 to suppress OPC proliferation. CRTH2 has been shown to be involved in cell-cell interactions during inflammatory responses (Harizi, 2013; Taketomi et al., 2013) . The CHI3L1/CRTH2 signaling could inhibit OPC proliferation through modulation of intracellular signaling that is important for cell proliferation. The regulation of OPC proliferation could in turn impact myelination. Of note, because the myelination defect, an important patient phenotype, could not be recapitulated in AxD animal models, our observation using the in vitro myelination system remains to be validated in an in vivo setting.
In summary, in this study, we have developed an hiPSC-based cellular model for a fatal neurological disease, AxD. Our data uncovered a mechanism underlying the myelination defect, a major pathological phenotype of AxD patients that could not be recapitulated in current animal models. In addition to serving as a platform to study AxD mechanisms, this system could also be used to test the effect of potential therapeutic tools and screen drugs for AxD and related leukodystrophy disorders. Indeed, using this human cellular platform, we showed that a neutralizing antibody against CHI3L1 or CRTH2 was able to reverse the inhibitory effect of AxD astrocytes on OPC proliferation. Likewise, CHI3L1 shRNAs were able to rescue the defective OPC proliferation and reduce myelination induced by AxD astrocytes. These results demonstrate the potential of the iPSC-based AxD cellular model for future AxD drug discovery and validation. Therefore, the study of dysfunction in astrocytes derived from AxD iPSCs is of great importance not only for understanding the pathological mechanisms of AxD, but also for drug discovery to enable better treatment of this so far incurable disease.
Astrocyte dysfunction is involved in the pathogenesis of a wide variety of neurological diseases, including Alzheimer's, Parkinson's, and Huntington's disease; multiple sclerosis; and amyotrophic lateral sclerosis (Rempe and Nedergaard, 2010) . However, the specific effects of astrocyte dysfunction on neurodegeneration cannot be easily dissected by studying these diseases because they are complex conditions that also involve dysfunctions of other cell types, including neurons, oligodendrocytes, and immune cells (Messing et al., 2012) . AxD is unique among the neurodegenerative diseases because its primary pathological cause is astrocyte dysfunction. Therefore, the study of AxD offers the rare opportunity to identify astrocyte functions that are required for brain development and involved in pathological brain conditions, and to identify treatments that can restore astrocyte functions. It is expected that the knowledge gained through this study could be applicable to the study and treatment of many more common neurological diseases that also have astrocyte abnormalities.
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Detailed methods are provided in the online version of this paper and include the following: 
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EXPERIMENTAL MODEL AND SUBJECT DETAILS Derivation of iPSCs from Fibroblasts of AxD Patients and Healthy Controls
AxD997 (female) and AxD999 (male) fibroblasts were obtained from Telethon Network, AxD825 (male) fibroblast and control fibroblast I90 (IMR90; female) from Coriell, control fibroblast C1 (CRL-2097; male) from ATCC. All fibroblast lines were reprogrammed using episomal plasmids expressing OCT4, SOX2, L-MYC, KLF4, shp53, and EBNA1 (Addgene plasmids pCXLE-hSK, pCXLEhUL, pCXLE-hOCT3/4-shp53-F, and pCXWB-EBNA1). Cells electroporated with reprogramming plasmids using 4D Nucleofector (Lonza) were seeded into 6-well plates coated with 1:100 diluted Matrigel (Corning) and maintained in mTeSR1 medium (Stem Cell Technologies). C3 iPSCs were generated and characterized previously (Wen et al., 2014; Murai et al., 2016) . iPSCs generated from AxD and control fibroblasts were maintained at 37 C in mTeSR1 medium in Matrigel-coated 6-well plates and passaged every 3-4 days using 0.5 mM EDTA (GIBCO) treatment and manual dissociation. Small clusters of iPSCs were transferred to new plates coated with Matrigel at 1:6 to 1:10 ratio. Medium was changed daily. All iPSC lines generated in this study were authenticated using STR assay.
Primary cell cultures
The human primary astrocytes were purchased from ScienCell Research Laboratories (ScienCell, Cat # 1800) and cultured at 37 C in astrocyte medium (ScienCell, Cat# 1801) containing 500 mL of basal medium, 10 mL of fetal bovine serum, 5 mL of astrocyte growth supplement and 5 mL of penicillin/streptomycin. Gender information of this product is not released by the vendor.
Animals
Rag2
À/À mice (The Jackson Laboratory, RRID: IMSR_JAX:008449) were used for astrocyte transplantation and mouse primary OPC isolation. NSG mice (The Jackson Laboratory, RRID: IMSR_JAX:005557) were used for teratoma formation assay. All animal work was performed without gender bias under the Institutional Animal Care and Use Committee (IACUC) protocol approved by the City of Hope IACUC Committee.
METHOD DETAILS
Generation of Isogenic iPSCs Using CRISPR/Cas9 Nickase
The pSpCas9n (BB)-2A-GFP plasmid containing Cas9n (D10A nickase mutant) with 2A-EGFP and cloning backbone for sgRNA was purchased from Addgene (Plasmid #48140). Guide RNAs were designed to generate DNA double-strand breaks that cover M73K mutation site using an online designing tool (http://crispr.mit.edu/). The oligonucleotides for sgRNA were synthesized by Integrated DNA Technologies (IDT) and cloned to pSpCas9n (BB)-2A-GFP plasmid according to previously published protocol (Ran et al., 2013b) . The single-strand donor DNA (ssODN) contains A to T correction at the M73K mutation site of the human GFAP gene, and includes a silent G to A mutation at one of the protospacer adjacent motif (PAM) sites to avoid repeated cutting by Cas9n. Another silent mutation, C to G, was introduced to create AgeI digestion site that allowed identification of clones with successful homologous recombination. The sequences of sgRNAs and ssODNs were summarized in Table S4 . AxD999 iPSCs were transfected with the CRISPR/Cas9n plasmid and the ssODN using 4D Nucleofector (Lonza). After electroporation, cells were seeded onto Matrigelcoated plates and cultured in mTeSR1 medium supplemented with 10 mM Rock Inhibitor for overnight. The next day, cells were fed with fresh mTeSR1 medium. Cells were harvested 2 days after electroporation and sorted using GFP-based FACS. The sorted cells were plated at low density and maintained in mTeSR1 medium for about 10 to 14 days to allow colony formation from single cells.
To screen for gene-corrected clones, individual colonies were manually split to 2 halves. One half was used for genomic DNA (gDNA) extraction and the other half was seeded into 48-well plates for maintenance. PCR was performed to amplify regions covering the M73K mutation site using genomic DNA as the template. The PCR products were digested using AgeI restriction enzyme. Clones that could be digested by AgeI were further analyzed by Sanger sequencing to confirm the correction of M73K mutation site. The potential off-target sites were predicted by an online tool (https://www.sanger.ac.uk/htgt/wge/find_off_targets_by_seq). The offtarget sites containing 0-3 mismatches with sgRNAs were PCR-amplified and sequenced by Sanger sequencing. The off-target site sequences, PCR primers and analysis results are listed in Table S6 .
Differentiation of Astrocytes from Human iPSCs
For astrocyte differentiation (Table S7) , human iPSCs (I90, C1, AxD825, AxD999, AxD999-CR) were first differentiated into neural progenitor cells (NPCs) by treating with 10 mM SB434542 (Stemgent), 250 nM LDN-193189 (Stemgent) and 10 mM retinoic acid (RA; Sigma-Aldrich) for 8 days. NPCs were further differentiated by treatment of 10 mM RA and smoothened agonist (SAG; EMD Millipore) for 4 days. Then cells were dissociated using Accutase and allowed to form spheres in suspension culture for 8 days, which contains 1X N2 (Life Technologies), 1XB27 (Life Technologies), 10 mM RA and 10 mM SAG. Spheres were attached on Matrigel-coated plates and cultured in PDGF medium containing 1X N2, 1XB27, 10 ng/ml PDGFAA (R&D Systems), 5 ng/ml HGF (R&D Systems), 10 ng/ml IGF-1 (R&D Systems), 10 ng/ml NT3 (EMD Millipore), 100 ng/ml Biotin (Sigma-Aldrich), 60ng/ml T3 (Sigma-Aldrich), 1 mM cAMP (Sigma-Aldrich) and 25 mg/ml insulin (Sigma-Aldrich). After 10 days of culture, astrocytes migrated out of the spheres were dissociated using Accutase into single cells and seeded into astrocyte medium, containing 1X N2, 1X B27, 10 ng/ml EGF (Peprotech) and 10 ng/ml FGF (Peprotech). These astrocytes were passaged twice a week for another 2 weeks. For final maturation of astrocytes, 10 ng/ml CNTF (R&D Biosciences) was supplemented to medium containing 1X N2 and 1X B27 for 1 week. To show that the relevant cellular phenotypes could be recapitulated in iPSC-derived astrocytes independent of the differentiation protocol, a pair of control and AxD iPSCs (C3 and AxD997) were also differentiated into astrocytes following a previously published protocol . Briefly, iPSCs were collected for suspension culture to allow embryo body (EB) formation. EBs were induced to neural lineage by medium supplemented with 1X N2 for 1 week. After 1 week, EBs were attached and rosette-like neuroepithelial structures were able to form within another week. Rosettes were manually blown-off and cultured as spheres in N2 medium supplemented with 10 ng/ml EGF and 10 ng/ml FGF. Spheres were dissociated once a week until day 120 of differentiation. Astrocytes beyond day120 of differentiation from both protocols were used for experiments.
Differentiation of OPCs and Oligodendrocytes from Human iPSCs
We followed a previously published protocol (Douvaras and Fossati, 2015) for differentiation of human iPSCs into OPCs and oligodendrocytes. Briefly, human iPSC were singlized and treated with SB434542, LDN-193189 and RA for 8 days. From Day 8 to 12, cells were further induced by RA and smoothened agonist (SAG). After RA and SAG induction, pre-OPCs expressing OLIG2 and NKX2.2 markers were lift up to form spheres. Pre-OPC spheres were cultured in RA and SAG-supplemented medium for another 8 days, then switched to PDGF medium. 10 Days after switching to PDGF medium, spheres were attached onto Matrigel coated-plates to allow OPCs to migrate out of the spheres and expand. Medium was changed every 2 days. O4 + OPCs could be detected by live staining using O4 antibody around 30 days after sphere attachment. MBP + mature oligodendrocytes can be generated in another 2 weeks by culturing in maturation medium that has the growth factors, PDGF, IGF, HGF and NT3, withdrawn from the PDGF medium.
Immunohistochemistry Cells were fixed with 4% paraformaldehyde (PFA) for 15 min, permeabilized with 0.1% Triton X-100 for 1 hr, and blocked with 5% donkey serum for 1 hr at room temperature (RT). Cells were then incubated with primary antibody diluted in PBS containing 0.1% Triton X-100 and 5% donkey serum and incubated for overnight at 4 C. On the following day, cells were incubated with the relevant secondary antibody diluted at 1:500 in PBS for 1 hr at RT. Cells were counterstained with DAPI before mounting.
For BrdU labeling, OPCs were incubated with 10 mM BrdU for 6 hr, while astrocytes were incubated for 4 hours, and then fixed by 4% PFA for BrdU staining. OPCs were stained with the nucleus marker OLIG2 first. After OLIG2 staining, cells were re-fixed using 4% PFA at RT for 15 min. Cells were then treated with 2 N HCL at 37 C for 30 min followed by Borate buffer incubation at RT for 15 min. BrdU was stained using anti-BrdU primary antibody and appropriate secondary antibody. Cells were counterstained with DAPI. Antibodies used in this study are listed in Key Resources Table.
Lentiviral Preparation and Transduction
The pHIV-hGFAP-GFP lentiviral vector was prepared by cloning the hGFAP-GFP fragment from the hGFAP-GFP vector (Addgene, plasmid #40592) into the pHIV vector. Lentiviruses were prepared as previously described (Shi et al., 2004; Qu et al., 2010) . To transduce astrocytes, cells were seeded onto Matrigel-coated plates for overnight and then transduced with the pHIV-hGFAP-GFP lentivirus supplemented with 4 mg/ml polybrene (AmericanBio) for 24 hr. Virus-containing medium was replaced with fresh astrocyte culture medium 24 hr later.
Cell Sorting
The pHIV-hGFAP-GFP lentivirus-transduced astrocytes were sorted using ARIA SORP cell sorter (BD Bioscience) at the Analytical Cytometry Core at City of Hope. Astrocytes without viral transduction were used as the negative control. The GFP + cells were collected into astrocyte culture medium and propagated for experiments. The O4 + OPCs were sorted using magnetic-activated cell sorting (MACS) following manufacturer's (Miltenyi Biotech) instruction. The OPC differentiation product was dissociated into single cells using Accutase. These cells were incubated with O4-microbeads at 4 C for 15 min, protected from light. Cell suspension was loaded onto LS Magnetic Column (Miltenyi Biotech) placed in the field of a magnetic MACS Separator. The O4 -cells were washed off, while the O4 + OPCs were retained, followed by elution into collection tube. The O4 + OPCs were counted using hemacytometer and used for astrocyte co-culture experiments.
Calcium Imaging Cells were matured in CNTF medium on Matrigel-coated iBibi 8-well chamber slides for at least 5 days before imaging. 2 mM Fluo-4 AM (Invitrogen) was loaded onto cells for 15 minutes and then washed 3 times with PBS. 0.4 mL culture medium was added per chamber to replace PBS. 3 minutes later, cells were imaged at 0.7 s intervals using 20X objective of Zeiss Observer Z1 microscope with heat and CO 2 controlled live imaging chamber. For the pharmacological experiment, ATP (3 mM) was applied at around 50 s after starting recording. To quantify the percentage of cells responding to ATP stimulation, fluorescence levels were quantified using ImagePro software. The change of fluorescence level over time is defined as DF/F = (F -F 0 )/F 0 , where F is the fluorescence intensity at any time point, and F 0 is the baseline fluorescence intensity averaged across the whole movie for each cell. Cells with DF/F > 0.05 were counted as responsive. Intensity traces of cells were extracted using ImagePro Premium 9.3 (Media Cybernetics) and used to calculate and graph the fluctuations of Ca 2+ intensity.
Electrophysiology
Cells were plated in 3.5 mm dishes coated with Matrigel and were analyzed by whole-cell patch clamp recording. Whole-cell patch clamp recording was performed with a voltage clamp at À70 mV and stepped from À50 mV to +50 mV at 10 mV increments for duration of 500 ms. Cells were bathed in Hank's buffered Saline solution (140 mM NaCl, 3 mM KCl, 2 mM CaCl 2 , 1 mM MgCl 2 , 15 mM HEPES and 23 mM glucose, pH of 7.35-7.45). Glass pipettes were back filled with intracellular solution (145 mM KCl, 10 mM NaCl, 1mM EGTA, 1mM MgCl 2 , 10mM HEPEs, pH of 7.35-7.45). Osmolality for both solutions was 300 ± 10 milliosmole (mOsm).
Astrocyte Transplantation
Human iPSC-derived AxD999 astrocytes purified using GFAP-GFP-based FACS were resuspended in astrocyte medium at 100,000 cells/ml. 200,000 cells were injected at 1 mm from the midline between the Bregma and Lambda and 1 mm deep into the anterior lateral ventricles of P2-P4 Rag2 À/À mice. The transplanted mice were perfused with 4% PFA 1 month after transplantation. Brains were harvested, embedded in OCT and sectioned at 30 mm thickness. Brain sections were immunostained for human GFAP (hGFAP) and imaged for both hGFAP signal and GFAP-GFP fluorescence.
Astrocyte-OPC Co-culture Astrocytes were seeded at the density of 5x10 4 cells per well in Matrigel-coated 24-well plates and induced for maturation by 10 ng/ml CNTF for 5-7 days. The O4 + OPCs sorted by MACS were plated onto astrocyte cultures at 5x10 3 cells per well. Co-cultured cells were maintained in PDGF medium. For O4 and OLIG2 quantification assays, OPCs were co-cultured with astrocytes for 5 days. On Day 5 of co-culture, cells were fixed and stained as described in the Immunohistochemistry section. For BrdU labeling assay and apoptosis assay, OPCs were co-cultured with astrocytes for 1 day. On Day 2 of co-culture, cells were stained for cleaved Caspase-3 and OLIG2 or BrdU and OLIG2. Images were taken using Zeiss Observer or Nikon ECLIPSE TE2000-S. A minimum of 5 images per well were taken for cell number quantifications.
3D Nanofiber Myelination Assay
Eight-chamber slides aligned with 700 nm diameter electrospun polycaprolactone (PCL) nanofibers were purchased from Nanofiber Solutions. 1:100 diluted Matrigel was used to coat nanofibers at 37 C for 3 days. Astrocytes were seeded at 5x10 4 cells per chamber and induced for maturation by 10 ng/ml CNTF for 5 days. Then the O4 + OPCs sorted by MACS were seeded at 8x10 4 cells per chamber. Cells were cultured in OPC medium for 5 days with medium change daily and switched to maturation medium to allow OPC maturation for 2 weeks with medium change every 2 days. After 2 weeks of maturation, cells were fixed with 4% PFA and stained as described in the Immunohistochemistry section. Images were taken using Zeiss Confocal 700. A minimum of 5 images per well were taken for quantification of MBP + cell number and MBP + area. MBP + area and segment length were analyzed by polygon or line drawing using ImagePro. For high resolution images, OPCs were plated on 2 mM aligned naofibers (MIMETIX, Electrospinning Company) as described above and imaged using Zeiss Confocal 880 with Airyscan. 3D images were generated using Zen Blue edition.
RNA-seq RNA isolation from fixed, GFAP + sorted astrocytes was performed following a previously published protocol (Hrvatin et al., 2014) . Briefly, we fixed astrocytes and stained with GFAP antibody and appropriate secondary antibody. Then the GFAP + cells were sorted under sterile conditions and collected for RNA isolation. RNase inhibitor was added into staining and sorting buffers to minimize RNA degradation during the procedure. RNA was isolated from the sorted cells using the RecoverAll Total Nucleic Acid Isolation kit (Ambion). RNA quality control and subsequent library construction and poly (A) RNA-seq were performed by the Integrative Genomics Core at City of Hope. RNA-Seq reads were aligned against the human genome (hg19) using TopHat2 (version 2.0.14; Kim et al., 2013) . Read counts were quantified using htseq-count (version 0.6.0) (Anders et al., 2015) with UCSC known gene annotations (TxDb. Hsapiens.UCSC. hg19.knownGene, downloaded 6/8/2016) (Hsu et al., 2006) . Aligned reads were counted using GenomicRanges (Lawrence et al., 2013) . Genes were filtered to only include transcripts with RPKM values greater than 0.1 (after a rounded log2-transformation) in at least 50% of samples. Genes smaller than 150 bp were removed prior to differential expression analysis. Log 2 (RPKM + 0.1) expression values were used for visualization and fold-change calculations. Separate comparisons were performed for the 4 astrocyte lines and the 8 brain samples (AxD versus control). We used a 1-variable model for the tissue comparison and a 2-variable model (adjusting for differentiation method) for astrocyte comparison. To determine genes with varied expression between control and AxD in both astrocytes and brain tissue (n = 12), we used a 2-variable model in DESeq2. P values were calculated using DESeq2 (Love et al., 2014) , which were used to calculate the False Discovery Rate (FDR) (Benjamini and Hochberg, 1995) . Differentially expressed genes (DEG) were defined as FDR < 0.05 and absolute value of fold change > 1.5. The venn diagram was produced using the Vennerable package (version 3.0) in R. Gene Ontology (GO) (Ashburner et al., 2000) enrichment was performed using goseq (Young et al., 2010) . Representative genes of each function type were selected based on their functional relevance through literature search and jfold-changej > 1.5. Heatmaps were generated by the gplots package (version 3.0.1). While the 2-variable n = 4 astrocyte comparison using DESeq2 did not strictly identify CHI3L1, it could be identified using both a 1-variable n = 4 astrocyte comparison and an n = 8 brain tissue comparison using edgeR (McCarthy et al., 2012) , consistent with CHI3L1 as the top DEG in n = 12 comparison using DESeq2.
Human Post-mortem Tissue Processing Fixed and frozen brain tissues from post-mortem AxD patients and healthy control individuals were obtained from NIH Neurobiobank (RRID: SCR_003131). The evaluation from Institutional Review Board determined these coded tissues without identifiers from deceased subjects do not meet the definition of human subject research. RNAs from frozen brain tissues were isolated using Trizol (Ambion) as previously described . Quality control of RNAs, library construction and poly(A) RNA-seq were performed by the Integrative Genomics Core at City of Hope. Data analysis was performed as described above.
qRT-PCR Total RNA was extracted using Trizol (Ambion) as previously described . Complementary DNA was reverse transcribed from 1 mg total RNA using Tetro cDNA Synthesis kit (BioLINE). Primer sequences are listed in Table S5 . qRT-PCR was performed using SYBR Green Master Mix (Thermo Scientific) on the Step One Plus Real-Time PCR Instrument (Applied Biosystems). ACTIN or GAPDH was used as the reference gene. Each reaction was run in triplicate. Data was analyzed using DDCt method and normalized to control group in each run.
Western Blot
Cell lysates were extracted using Pierce RIPA buffer (Thermo Scientific). Protein concentration was measured using BCA assay kit (Thermo Scientific). 40 mg proteins for CHI3L1 and 30 mg proteins for MBP were loaded for western blot. Western blot membranes were developed using ECL Select kit (GE Healthcare) and imaged using ChemiDoc Imaging System (Bio-Rad).
Conditioned Medium Preparation and Neutralizing Antibody Treatment
AxD999 astrocytes were seeded at 1 million cells/well in a Matrigel-coated 6-well plate. Cells were conditioned in PDGF medium for 24 or 48 hours. Conditioned medium was collected and centrifuged at 200xg for 10 minutes and supernatant was filtered through 0.22 mm filter to eliminate cells and cell debris. The O4 + OPCs were sorted using MACS and eluted with AxD999 conditioned medium.
5,000 OPCs were seeded onto AxD999-CR astrocytes and cultured in AxD999 conditioned medium supplemented with 10 mg/ml neutralizing antibody or corresponding control IgG for 24 hr.
shRNA Preparation and CHI3L1 Knockdown shRNAs were cloned into the lentiviral PGK-puro vector. The following shRNA sequences were used: control shRNA, 5 0 -TCTACTGTC ACTCAGTACC-3 0 ; CHI3L1 shRNA-1, 5 0 -ATGCAGAGCAGCACTGGAGC-3 0 ; CHI3L1 shRNA-2, 5 0 -ATGGCGGTACTGACTTGATG-3 0 . 5 mg shRNAs were transfected into astrocytes using Lipofectmin 3000 following manufacturer's instruction (Life Technologies) for co-culture assays that were less than 5 days. For myelination assay that needs co-culture for more than 5 days, shRNA lentiviruses were used to infect astrocytes at MOI of 1.
Mouse OPC Isolation Neonatal Rag2
À/À mice were euthanized and brain tissues were harvested immediately. Brains were dissociated into single cells using Neural Tissue Dissociation Kit (P) (Miltenyi Biotech) and gentleMACS Octo Dissociator with Heaters (Miltenyi Biotech) following manufacturer's instructions. Singlized cells were incubated with O4 antibody-conjugated microbeads and sorted with MACS as described above. O4 + OPCs were collected for RNA isolation, cDNA synthesis and CRTH2 qRT-PCR analysis.
Mycoplasma Test
All cell culture samples were monitored by mycoplasma test at least once a month using MycoAlert PLUS Mycoplasma Detection Kit (Lonza). 500 mL culture medium was harvested and centrifuged at 200xg for 5 minutes to eliminate cell debris. 100 mL medium was taken for 2 reactions with reagents provided in the kit. The result was determined by luminescence reading according to the protocol. All cellular samples used in this study are mycoplasma-negative.
QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical significance was analyzed using Graphpad Prism Version 7.01 by one-tailed Student's t test or non-paired One-way ANOVA as reported in each figure legend. When comparing two experimental groups, unpaired Student's t test was used. When comparing multiple experimental groups, data was analyzed using one-way ANOVA, followed by Tukey's post hoc test when ANOVA has p < 0.05. For all test, p values were presented as *p < 0.05, **p < 0.01, and ***p < 0.001. Error bar stands for SD if not stated otherwise. Statistical details of each experiment can be found in the figure legends.
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